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We developed a new electrochemiluminescence (ECL) platform for ultrasensitive and selective detection
of leukemia cells. In order to construct the platform, the nonporous gold with controllable three-
dimensional porosity and good conductivity was used to modify the screen-printed carbon electrode.
The carbon quantum dots (CQDs) coated ZnO nanosphere (ZnO@CQDs) were used as good ECL label with
low cytotoxicity and good biocompatibility. Structure characterization was obtained by means of
transmission electron microscopy and scanning electron microscopy images. The aptamer was used
for cell capture and the concanavalin A conjugated ZnO@CQDs was used for selective recognition of the
cell surface carbohydrate. The proposed method showed a good analytical performance for the detection
of K562 cells ranging from 1.0102 to 2.0107 cells mL−1 with a detection limit of 46 cells mL−1. The as-
proposed device has the advantages of high sensitivity, nice speciﬁcity and good stability and could offer
great promise for sensitive detection of leukemia cells in response to therapy.
& 2013 Elsevier B.V. Open access under CC BY-NC-ND license.1. Introduction
Human chronic myelogenous leukemia (CML) is a malignancy
of pluripotent hematopoietic cells. It is caused by the dysregulated
activity of the tyrosine kinase encoded by the chimeric bcr/abl
oncogene (Wang et al., 2010). K562, as one of the most aggressive
human CML cell lines, was therefore chosen for detection. Each
cancer cell line has the speciﬁc intra- or extracellular biomarkers,
which distinguish it from normal cell lines. Therefore, methods
that can enable sensitive and selective detection cancer cells
through precise molecular recognition of their biomarkers are
highly desired (C.F. Ding et al., 2010). Recently, a novel class of
ligands, known as aptamers, have been isolated and identiﬁed for
such speciﬁc cancer cell recognition. Aptamers are single-stranded
oligonucleotides, which recognize their targets with excellent
speciﬁcity and high afﬁnity (Shangguan et al., 2006). In our
laboratory, a short length of single-stranded deoxyribonucleic acidx: +86 531 82971177.
@qq.com (J. Yu).
.
-NC-ND license.(ssDNA) was used to speciﬁcally bind to K562 cell. Carbohydrate
exists on all eukaryotic cell surfaces as a class of informative and
intricate biomacromolecules (L. Ding et al., 2010). Therefore,
sensitive analysis of carbohydrates on living cells in various events
is keenly desirable for basic science advancement and clinical
diagnostics (Zhang et al., 2010).
Up to now, many current techniques such as ﬂuorescence
(Misra and Sahoo, 2011), electrochemical impedance spectroscopy
(EIS) (Cao et al., 2012), mass spectrometry (Xiong et al., 2010), ﬂow
cytometric analysis (Constance et al., 2012) and electrochemical
methods (L. Ding et al., 2010; Du et al., 2005) have been used to
detect K562 cells. However, there are some limitations of their
practical usages including poor sensitivity or selectivity. Compared
with the traditional immunoassay, electrochemiluminescence
(ECL) immunoassay is a promising technique in biochemical
analysis with its operational simplicity, low cost, ﬂexibility, and
acceptable sensitivity (Wang, 2005). In this work, we used a
screen-printed technique to prepare the substrate electrode array,
which was much simpler and cheaper than the methods of
photolithography and microelectronics for preparation of ECL
biosensor array (Wilson, 2005; Wilson and Nie, 2006; Yan et al.,
2012). Recently, nanoporous metals have aroused great interest
with their high surface area, high in-plane conductivity, good
stability and biocompatibility (Xu et al., 2011, 2012). The nanopor-
ous gold (NPG) with controllable three-dimensional (3D) porosity
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electrode (SPCE) to obtain a sensitive enhanced ECL assay. We
chose polyvinyl chloride (PVC) as the substrate material in this
work for fabricating low-cost SPCE. A single SPCE typically can be
fabricated for o$0.1 (for the cost of screen printing and PVC).
As a transparent oxide semiconductor sphere, ZnO has been
widely used for solar cells (Pan et al., 2001), optoelectronic devices
(Chang et al., 2012), electromechanical coupled sensors and
transducers (Wang, 2004), etc. Moreover, ZnO is also considered
as a “green” material because of its large surface area, good
biocompatibility, biodegradability and biosecurity, thus ZnO nano-
sphere could be directly used for biomedical application and
environmental science (Geng et al., 2011; Tang et al., 2010; Qiu
et al., 2011). Recently, carbon materials have attracted great
interest owning to their unique and novel properties. Compared
with conventional semiconductor quantum dots, photolumines-
cent carbon quantum dots (CQDs) are superior in terms of low
cytotoxicity, chemical inertness, lack of blinking and good bio-
compatibility (Zhao et al., 2008; Liu et al., 2009). Fluorescent CQDs
can be prepared by electrochemical oxidation of graphite in
aqueous solution. The facile CQDs can not only generate ECL
signals but also provide abundant –COOH groups at surfaces,
which beﬁt ECL labeling (Zheng et al., 2009). The as-prepared
CQDs coated ZnO nanosphere (ZnO@CQDs) can promote the
construction of ZnO-based core/shell-type nanostructures with
new optical and electrical properties. The ZnO@CQDs nanostruc-
tures can be used as ECL labels with the signal ampliﬁcation
technique due to the high loading of CQDs. To our best knowledge,
the sensitive detection of K562 cells combined with aptamers and
the NPG modiﬁed SPCE has not been reported yet.
In our work, we developed a new class of nanoprobe by
integrating the functions of both speciﬁc recognition of carbohy-
drates and signal ampliﬁcation on ZnO@CQDs nanostructures
through incorporation of proteins. So far as we know, lectin was
a class of natural nonimmune proteins, which could speciﬁcally
recognize sugar epitope as the recognition elements (Lis and
Sharon, 1998). Hence, a speciﬁc recognition between mannose
and concanavalin A (Con A, a lectin) was achieved as a proof-of-
concept recognition pair. Mannose presents in the form of man-
nose oligosaccharides on the cell surface. Through the speciﬁc
recognition of Con A and mannose, the signal ampliﬁcation was
achieved with enormous loading of CQDs on the ZnO surface. The
ZnO@CQDs nanostructures could be used for highly sensitive
detection of K562 cells and in situ ECL monitoring of cell surface
carbohydrates by coupling with the efﬁcient capture of cells on
SPCE with aptamers. Two working electrodes were used for one
determination to obtain more exact results. The SPCE was mod-
iﬁed with NPG to provide a good pathway of electron transfer and
to enhance the immobilized amount of aptamers. The ECL signal
was produced based on the ZnO@CQDs–K2S2O8 system. The
enhanced sensitivity could be attributed to the combination of a
dual signal ampliﬁcation based on high surface-to-volume ratio of
ZnO for high loading of CQDs and Con A, and the improved
electrical connectivity based on NPG.2. Experiments
2.1. Chemicals and materials
The 100-nm-thick white gold foils (Au/Ag alloy, 50:50 wt%)
were obtained from Monarch. Con A, bovine serum albumin (BSA)
were purchased from Sigma (St. Louis, MO, USA). Hydrated zinc
acetate (Zn(CH3COO)2 2H2O), N-(3-dimethylaminopropyl)-N
′-ethylcarbodiimide (EDC), and (3-aminopropyl)-triethoxysilane
(APTS) were purchased from Alfa Aesar China Ltd. All the aptamerswere obtained from Sangon Biotech (Shanghai) Co. Ltd., and their
sequences used in this work are listed in Supplemental informa-
tion 1.1. Carbon ink (ED423ss) and Ag/AgCl ink (CNC-01) were
purchased from Acheson. Ultrapure water was obtained from a
Millipore water-puriﬁcation system (≥18 MΩ cm, Milli-Q, Milli-
pore) and was used in all assays and solutions. Phosphate buffer
saline (PBS, pH 7.4) containing NaCl (100 mM), KCl (2.0 mM),
Na2HPO4 (6.4 mM), and KH2PO4 (1.0 mM) was used as an incuba-
tion buffer. PBS with the marked concentrations and pH were used
as ECL assay buffer. All chemicals and solvents were used as
received with the analytical grade or above.
K562 cell line was kindly provided from Qilu Hospital of
Shandong University. The CCRF-CEM (CCL-119, T cell line, human
ALL) cell line was obtain from SincereLion Technology (beijing) Co.
Ltd. RPMI 1640 culture medium (500 mL, GIBCO) was supplemen-
ted with fetal calf serum (10%, Sigma), penicillin (100 μg mL−1),
and streptomycin (100 μg mL−1) at 37 1C in a humidiﬁed atmo-
sphere containing 5% CO2. The cells in exponential growth phase
were collected and separated from the medium by centrifugation
at 1000 rpm for 5 min and then washed thrice with a sterile pH
7.4 PBS. The sediment was resuspended in 10 mM pH 7.4 PBS to
obtain a homogeneous cell suspension. Cell number was deter-
mined on a Petroff–Hausser cell counter (U.S.A.).
2.2. Apparatus
The ECL measurements were carried out on a MPI-E multi-
functional electrochemical and chemiluminescence analytical sys-
tem (Xi’an Remax Analytical Instrument Ltd. Co.) biased at 800 V.
Transmission electron microscopy (TEM) images were obtained
from a Hitachi H-800 microscope (Japan). High resolution TEM
(HRTEM) image of the prepared CQDs were recorded on an
electronic microscope (Tecnai G2 F20S-TWIN 200KV). The scan-
ning electron microscopy (SEM) images were obtained from a
QUANTA FEG 250 thermal ﬁeld emission SEM (FEI Co., USA). EIS
was carried out on an IM6x electrochemical station (Zahner,
Germany). All experiments were carried out with electrodes using
carbon ink as working electrode (WE) and counter electrode (CE),
while silver/silver chloride ink as reference electrode (RE) and
conductive pads.
2.3. Preparation of NPG
NPG was made by selective dissolution (dealloying) of silver
from Ag/Au alloy according to the reported method (C.X. Xu et al.,
2007). Brieﬂy, a piece of commercially available white gold leaf
(Ag/Au alloy, 50:50, wt%, 100 nm thick) was ﬂoated onto 1:1
concentrated nitric acid for 10–15 min. The Ag content in the alloy
samples could be controlled by selecting the immersion time.
Then the NPG foil was washed to neutral with Milli-Q water to
remove the NO3− and Ag+, which could interfere with signal
detection during ECL analysis. Then the NPG foil was taken out
and coated on the surface of the SPCE.
2.4. Preparation of ECL probe
The preparation of CQDs and amino-functionalized ZnO nano-
sphere were described in details in Supplemental information ce:
cross-refs id¼"crs0030" reﬁd¼"s0090 s0090">1.2 and 1.3. In the
case of the preparation of CQDs functionalized ZnO nanosphere
(ZnO@CQDs), the amino-functionalized ZnO nanosphere was dis-
persed in 2.0 mL of CQDs, and then 1.0 mL of 50 mM EDC was
added into the mixture. The mixed suspension was stirred at room
temperature for 12 h. Unbound CQDs were removed by successive
centrifugation and washed with water for several times. Finally,
Fig. 1. Schematic representation of the assay procedure for the ECL device. (A) SPCE: (a) silver ink, (b) PVC ﬁlm, (c) insulating dielectric, (d) Ag/AgCl reference electrode,
(e) carbon ink counter electrode, (f) two carbon ink working electrodes; (B) NPG modiﬁed SPCE; (C) after immobilization of aptamer; (D) capture with cells; (E) blocking with
BSA; and (F) immobilization with the ZnO@CQDs labeled Con A.
M. Zhang et al. / Biosensors and Bioelectronics 49 (2013) 79–85 81the as-prepared ZnO@CQDs nanostructure was obtained (1.05 g)
and dispersed in water to a ﬁnal volume of 5 mL (0.21 g mL−1).
As shown in Fig. 1, the ECL nanoprobe was prepared by adding
200 μL of the as-prepared ZnO@CQDs nanostructure and 50 μL of
Con A (2 mg mL−1) to a H2O-diluted solution (10 mL). After being
incubating for 30 min at 25 1C with gentle stirring, the mixture
was disposed by centrifugation (12,000r, 15 min, 4 1C), after
removing the supernate, the precipitate was washing with water,
and dispersed with the incubation buffer to 1 mL (42 mg mL−1).
Subsequently, the resulting ZnO@CQDs conjugated Con A (ECL
nanoprobe) was stored at 4 1C for later usage.
2.5. Fabrication of the ECL biosensor
The SPCE containing two WE (diameter: 4 mm), an Ag/AgCl RE,
and a CE was prepared with screen-printing technology according
to the report (Wu et al., 2007). The insulating layer printed around
the working area constituted an electrochemical microcell.
The fabrication process was carried out as follows (Fig. 1): The
SPCE was ﬁrstly subjected to cyclic scanning in 0.2 M H2SO4 in a
potential range of −0.2 to +1.1 V until reproducible voltammo-
grams were obtained. The NPG foil was carefully coated onto WE
surface (NPG/SPCE). Then 10 μL of 1 μM aptamer was spotted on
the NPG-modiﬁed WE (aptamer/NPG/SPCE), and allowed to react
at room temperature for 15 min. Excess aptamers were washed
with the buffer for three times. Then the ECL biosensor was stored
at 4 1C in a dry environment prior to use. Subsequently, the as-
described ECL device was employed to detect cells with change-
able concentrations simultaneously. To carry out the ECL measure-
ment, following a rinse with incubation buffer, K562 cell
suspension (10 μL) at a certain concentration was dropped on
the surface of aptamer/NPG/SPCE. After water was evaporated at
37 1C, the K562 cells adhered aptamer/NPG/SPCE (cells/aptamer/NPG/SPCE) was washed thoroughly with water to remove the
noncaptured cells. Afterward, 10 μL of 1% BSA was added onto the
cells/aptamer/NPG/SPCE and incubated for 20 min to block the
possible remaining active sites against nonspeciﬁc adsorption.
After another washing with the buffer, the ECL nanoprobe solution
(10 μL, containing 0.5 mM Ca2+ and 0.5 mM Mn2+ for the remain-
ing binding activity of Con A) was dropped on the WE and
incubated at room temperature for 30 min (Ding et al., 2008).
The ECL nanoprobe could speciﬁcally bind to the mannose groups
on cells captured on the modiﬁed electrode.
2.6. ECL detection
ECL measurements were conducted at room temperature and
the potential swept from −0.5 to −1.5 V with a scanning rate of
100 mV s−1. A 0.01 M PBS buffer (pH 7.4, 10 μL) containing 0.01 M
K2S2O8 and 0.01 M KCl as the coreactant was dropped into the
electrochemical microcell placed in front of the photomultiplier
tube (PMT) with voltage of 800 V. The ECL signals related to the
different number of cells could be measured.3. Results and discussion
3.1. Characterization of the ZnO, CQDs, and ZnO@CQDs
Fig. 2A and B exhibits the TEM image and SEM image of ZnO
particles. The as-prepared ZnO sample appeared as uniform solid
nanospheres with diameter of about 250–300 nm. TEM character-
ization of the CQDs is shown in Fig. 2C. It suggested that CQDs had
a uniform spherical shape and a narrow distribution of diameters
in the range of 2–3 nm. The inset of Fig. 2C exhibits a HRTEM
image of the ﬂuorescent fractions, clearly revealing that CQDs had
Fig. 2. (A) SEM image of ZnO nanosphere; (B) TEM image of ZnO nanosphere; (C) TEM image of CQDs, inset is the HRTEM image of CQDs; (D) SEM image of ZnO@CQDs, inset
is the TEM image of ZnO@CQDs; (E) optic microscopy image of K562 cell, inset was ﬂuorescence microscopy image of K562 cells stained with Calcein AM; and (F) optic
microscopy image of K562 cell after treated with ZnO@CQDs, inset is the ﬂuorescence microscopy image of K562 cell after treated with ZnO@CQDs.(For interpretation of the
references to colour in this ﬁgure, the reader is referred to the web version of this article.)
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ZnO@CQDs is shown in Fig. 2D, while the inset of Fig. 2D shows
the TEM image of single ZnO@CQDs, with a distinct contrast
between the ZnO nanosphere. The surface of pure ZnO nanopar-
ticles was smoother than that of the ZnO@CQDs, which indicated
the addition of CQDs. Fig. 2E exhibits the microscopic image of
K562 cells with uniform shape. Inset was K562 cells stained with
Calcein AM (green) after 18 h of incubation with ZnO@CQDs,
showing a good living morphology. After K562 cells were captured
by the ZnO@CQDs (Fig. 2F), the microscopic observation suggested
that the cells were living with the same morphology, indicating
the capability of ZnO@CQDs to maintain the normal condition of
cells. Inset was the ﬂuorescence microscopy image of K562 cells
after treated with ZnO@CQDs, with a uniform and obvious ring-
shaped proﬁle. The thickness of the ring-shaped proﬁle was about
300 nm, which was corresponding to the size of ZnO@CQDs. Theprepared CQDs in solution were futher characterized by UV–vis
absorption and photoluminescence (PL) spectra (in Supplemental
information, Fig. S1).3.2. Characterization of the NPG-based ECL biosensor
Screen-printed ECL biosensor provides good platforms for
modiﬁcation with a variety of nanoparticles and structurally
related materials requiring no pre-treatment. NPG has bi-
continuous foam structure with porosity 470%, which beﬁts
sensing. As can be seen in Fig. 3A, the NPG assembled on the
surface of SPCE, displayed a type of sponge-like morphology after
15 min of dealloying. The uniform porous morphology of NPG has
narrow ligament size distribution around 9 nm. Inset was the SEM
image of SPCE with smooth surface.
Fig. 3. (A) SEM image of NPG/SPCE. The inset is the SEM image of SPCE, and (B) EIS of (a) NPG/SPCE; (b) bare SPCE; (c) aptamer/ NPG/SPCE; (d) cells/ aptamer/NPG/SPCE;
(e) BSA/cells/ aptamer/NPG/SPCE in 10 mM PBS buffer (2.5 mM Fe(CN)64−/3−+0.1 M KCl, pH 7.4). The frequency range is between 0.01 and 100,000 Hz with signal amplitude
of 5 mV.
Fig. 4. ECL-potential curves of (a) ZnO nanospheres, (b) CQDs, (c) ZnO@CQDs in
0.01 M PBS buffer containing 0.1 M K2S2O8 and 0.1 M KCl. Inset is the CV of
ZnO@CQDs in 0.01 M PBS buffer containing 0.1 M K2S2O8 and 0.1 M KCl (scan rate
100 mV s−1).
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the bare electrode displayed a relatively small electron-transfer
resistance (Ret) (curve b). After the SPCE was coated by NPG, the
electrode exhibited an almost straight line, which reﬂected the
decrease in the Ret (curve a). When the aptamer was attached on
the electrode surface by the NPG, the semiconductor ﬁlm dis-
played an increase in impedance, thus showing showing a large Ret
(curve c). Similarly, K562 cell, and BSA could all resist the electron-
transfer kinetics of the redox probe at the SPCE interface, resulting
in the increased impedance of the SPCE (curves d and e), which
conﬁrmed the immobilization of these substances.
3.3. Electrochemical and ECL behaviors of the ZnO@CQDs
This ECL potential curves for the ZnO@CQDs was measured in
0.01 M PBS buffer (pH 7.4) containing 0.01 M K2S2O8 and 0.01 M
KCl (Fig. 4). The onset voltage of ECL for ZnO nanosphere is
−1.35 V, the ECL characteristics of ZnO were from −1.8 to −0.5 V
(curve a). The ECL response of CQDs system was achieved in the
suitable cathodic potential (−1.6 to −0.5 V) (curve b). The ECL
starting voltage of ZnO@CQDs shifts positively to −0.9 V, with the
highest intensity is at −1.35 to −1.5 V (curve c). The inset showed
the cyclic voltammogram (CV) of ZnO@CQDs with onset voltage at
about −1.35 V. The obvious superiority of ZnO@CQDs nanostruc-
tures are related to the current sensitivity, onset voltage, and ECL
efﬁciency.
Herein, the ECL response could be based on the electron-
transfer reaction between the reduced species formed in
ZnO@CQDs and oxidized species of the co-reactant (SO4n−).
The S2O82− is reduced and generates a strong oxidant SO4n−, which
reacts with the electrogenerated species (ZnO@CQDsn−) to gen-
erate higher intensity light emission. The corresponding
ZnO@CQDs-S2O82− ECL processes are as follows:
ZnO@CQDs+e−-ZnO@CQDsn− (1)
S2O82−+e−-SO42−+SO4n− (2)
ZnO@CQDsn−+SO4n−-ZnO@CQDsn+SO42− (3)
ZnO@CQDsn-ZnO@CQDs+hv (4)
As shown in Fig. 4, the ECL intensity of ZnO@CQDs is about 4-
fold greater than the pure CQDs and 9-fold greater than the pure
ZnO nanosphere. The ECL onset voltage of the ZnO@CQDs (−0.9 V)
is about 0.22 V more positive than that of the CQDs (−1.12 V), and
0.45 V more positive than the ZnO (−1.35 V), manifesting the
effectiveness of the ZnO@CQDs nanostructures in delivering and
injecting the needed electrons. These phenomena testify the major
contribution of the surface states in the ECL emission ofZnO@CQDs, with the advantages of low potential barrier, high
transfer of electrons and surface-area-to-volume ratio.
3.4. Optimization of experimental conditions
To obtain high sensitivity, the effect of pH value, incubation time,
temperature, the ratio of ZnO@CQDs and Con A on the ECL intensity
was investigated in Supplemental information. The optimal pH range
was between 7.0 and 7.6, with the maximum response at pH 7.4 (Fig.
S2), which was just the optimum pH value for living cells and usually
used for the binding of antibody with antigen. When the incubation
temperature ranged from 10 to 50 1C, the maximum response
occurred at 37 1C (Fig. S3). The lower response higher than 37 1C
was attributed to the low activity of Con A during the incubation
process. With an increasing incubation time the ECL response of
aptamer//NPG/SPCE increased and tended to a maximum at 15 min
(Fig. S4), and the ECL response of BSA/cells/aptamer/NPG/SPCE
increased and tended to a maximum at 20 min (Fig. S5). Longer
incubation time did not enhance the ECL intensity. The optimal
volume ratio of ZnO@CQDs to Con A was 4:1 for the preparation of
the ECL nanoprobe (Fig. S6).
3.5. Reproducibility, stability, speciﬁcity and cytotoxicity of the cell-
based biosensor
The reproducibility was evaluated from the ECL response of the
ZnO@CQDs conjugated Con A/cells/aptamer/NPG/SPCE. The intra-
Fig. 6. The ECL intensity for detection of K562 cells with concentrations of 1102,
2102, 5102, (c) 3103, (d) 2104, (e) 1105, (f)5105, (g)3106, and
(h) 2107 cell mL−1 (from a to i) in 0.01 M PBS buffer (pH 7.4) containing 0.1 M
K2S2O8 and 0.1 M KCl. Inset is the plots of ECL peak intensity versus logarithm of
cell concentration. Error bars show the standard deviations of six measurements.
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assaying two cell concentrations for six replicate measurements.
At the cell concentrations of 2104 and 5105 cell mL−1, the
relative standard deviations (RSDs) of intra-assay with this
method were 5.2% and 4.7%, showing an acceptable precision.
On the other hand, a series of six measurements from the batch
resulted in a RSD of 3.8%, indicating good electrode-to-electrode
reproducibility of the fabrication protocol described above.
The device stored at 4 1C in a dry environment over one month
was used to detect the same K562 cells concentration. The ECL
intensity of the cell-based device was still retained at 91.2% value
of the initial response, showing a quite acceptable stability. The
good stability can be attributed to the strong interactions between
the cells/aptamer/NPG and Con A.
To verify the speciﬁc recognition and capture of the K562 cell
aptamer (T2-KK1B10) to targeted cells, we employed a random DNA
aptamer that is negative to K562 cells, as a control. The random DNA
aptamer was modiﬁed onto the NPG/SPCE with the same protocols.
As shown in Fig. 5A, K562 cells showed a small non-speciﬁc
interaction with the random DNA aptamer. We also conducted
biosensor by challenging T2-KK1B10 with K562 cells and CCRF-CEM
cells. In Fig. 5A, the CCRF-CEM cells showed a non-speciﬁc interaction
with the T2-KK1B10. These results together give solid evidence that
only the speciﬁc aptamers to targeted cells can yield largely
enhanced capture efﬁciency. This speciﬁc recognition and capture
capability of nanostructured surfaces may be very useful for applica-
tions in cell capture, detection, and diagnosis.
Besides the stability and speciﬁcity, low cytotoxicity was
another advantage of the cell-based biosensor. As revealed by
the 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT) assay (in Supplemental information 2.7 for details),
the ZnO@CQDs (up to 300 μg) was added to 50 μL of the K562 cells
culture medium, showing no obvious diminishing of the cell
viability (Fig. 5B). The low viability of ZnO@CQDs was related to
the properties of the chemically inert, low-cytotoxic raw material,
which does not release any toxic species even in harsh environ-
ment. Therefore, low cytotoxicity would make ZnO@CQDs suitable
for in vivo labeling and imaging.
3.6. Sensitive detection of K562 cells
Under the optimum conditions, the ECL intensity of the
biosensor for sensitive detection of K562 cells increased with
increasing concentration of analytes (Fig. 6). The inset in Fig. 6
displays the linear calibration plots of the ECL intensity (IECL)
versus concentrations of the K562 cells under optimal conditions.
A linear relationship between the ECL intensity and logarithmic
value of K562 cells concentration could be found in the range ofFig. 5. (A) Histograms for ECL intensities at different conditions. From left to right: using
K562cells; using T2-KK1B10 aptamer to capture CCRF-CEM cells; and using T2-KK1B10
column and error bar represents standard deviations of six measurements.1.0102–2.0107 cells mL−1, with a correlation coefﬁcient of
0.9981 (n¼10). The regression equations were IECL¼−5059.4
+2578.5 log ccells (cells mL−1). The detection limits for K562 cells
was estimated to be 46 cell mL−1 at a signal-to-noise ratio of 3,
indicating an acceptable quantitative behavior. The results demon-
strate that the proposed method could be used for the ultrasensi-
tive determination of K562 cells. The analytical performance of the
developed cell sensor has been compared with those cell sensors
listed in Table 1 Supplemental information 2.8. As can be observed,
the proposed sensor exhibit a wide linear range and low detection
limit for cancer cells. The reasons might be as follows: ﬁrst, owing
to the unique structural and electrical properties, the NPG mod-
iﬁed SPCE could provide a larger speciﬁc surface area to absorb
more aptamers. Second, the good speciﬁcity between aptamer and
K562 cells was beneﬁcial to cell capture and the Con A with high
stability and bioactivity supplied an ideal interface for cell recog-
nition. Third, the obtained ZnO@CQDs conjugated Con A as good
ECL label could improve the sensitivity of the cell sensor through
the signal ampliﬁcation technique.
3.7. Application of cell sensor in human blood samples
In an attempt to test the reliability and stability of the cell
sensor in real sample, K562 cells were spiked directly into whole
blood, and we compared with the ﬂow cytometry method as a
reference. The results are shown in Table 2 in Supplementalrandom DNA aptamer to capture K562 cells; using T2-KK1B10 aptamer to capture
aptamer to capture K562 cells. (B) Effect of ZnO@CQDs on K562 cell viability. Each
M. Zhang et al. / Biosensors and Bioelectronics 49 (2013) 79–85 85information 2.9, which showed reliable agreement with relative
errors less than 4.3%. The recoveries of K562 cells were between
91.5% and 105.7%. After cell detection experiments, the sensor
could be regenerated by immersion in 7 M urea buffer for 1 min
followed by copious rinsing with water. The biosensor retained
signiﬁcant levels of activity after 10 cycles of regeneration for cell
detection in blood, the ECL intensity remained to about 92% of its
initial response, demonstrating good stability of the proposed
method for sample detection.4. Conclusions
This work developed a new ZnO@CQDs conjugated Con A
nanoprobe for high sensitive and selective ECL evaluation of
K562 cells. The ECL nanoprobe could be used for convenient
detection of cell number with a broad range and low detection
limit by combination with an aptamer/NPG/SPCE for efﬁcient cell
capture and enhancing the electrical connectivity. The ECL inten-
sity of the ZnO@CQDs nanostructure was 4-fold greater than the
pure CQDs and 9-fold greater than the pure ZnO nanosphere, and
the ECL starting voltage shifts positively from −1.35 to −0.9 V. The
high surface-to-volume ratio of ZnO is beneﬁcial for high loading
of CQDs and Con A, as well as the improved electrical connectivity
based on NPG led to dual signal ampliﬁcation for highly sensitive
detection. Therefore, the strategy could also be extended to other
carbohydrate and aptamer recognition events and thus provides
an avenue for evaluating the leukemia cells in biological processes.Acknowledgments
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